Purpose To study the role of Toll-like receptor 4 (TLR4) in human spermatozoa and to assess sperm parameters, oxidative stress markers, and acrosome reaction in response to the stimulation of TLR4 by its ligand, the lipopolysaccharide (LPS), as a major endotoxin of Gramnegative bacteria. Methods Our study was carried out in 73 sperm samples from patients undergoing semen analysis for couple infertility investigations. The studied patients were divided into three groups: normozoospermic fertile patients (n = 13), patients with abnormal and leukospermic semen (n = 13), and patients with abnormal and nonleukospermic semen (n = 47). TLR4 expression in human spermatozoa was initially analyzed by western blot. Sperm samples were incubated in the presence of LPS (200 ng/ml) for 18 h. Then, sperm motility and vitality were evaluated by microscopic observation and oxidative stress markers as malondialdehyde (MDA) and carbonyl groups (CG) were spectrophotometrically assessed in neat and selected sperm. A triple-stain technique was also performed to evaluate acrosome reaction in 15 sperm samples from infertile patients.
Introduction
Infection and inflammation within the male reproductive tract could induce detrimental effects on reproduction, which usually manifest as impaired sperm quality, seminal tract obstruction, reduced androgen production, disturbance of spermatogenesis, and temporarily loss of fertility [1, 2] . Gram-negative bacteria can especially reduce the sperm quality, and several studies have revealed that the lipopolysaccharide (LPS), a major component of Gram-negative bacteria cell wall, has male reproductive toxicity [3] [4] [5] [6] [7] . The number of leukocytes is often increased in bacteria-infected sperm concomitantly with increased ROS production, which is incriminated in the alteration of sperm quality [8] . In fact, increasing evidences support that the presence of high levels of ROS in the ejaculate plays a critical role in the genesis of defective sperm functions and male infertility resulting in diminished motility, sperm DNA damages, and impaired fertilization [9, 10] .
Some previous reports implicate microbial pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), as well as their signaling pathways on ROS generation in phagocytic cells via the enzymatic complex nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [11, 12] or via the expression of inducible nitric oxide synthase (iNOS) gene promoting nitric oxide (NO·) synthesis [13, 14] . TLRs trigger signals responsible for the activation of innate and adaptive immune responses by recognizing pathogen-associated molecular patterns (PAMPs). To date, 13 TLRs have been identified in mammals [15] . According to their localization and ligands, TLRs are divided into two subgroups: cell surface TLRs and cytosolic TLRs. Most classes of TLRs are found in innate immune cells such as monocytes/macrophages, polymorphonuclear neutrophils (PMNs), dendritic cells, natural killer (NK) cells, and mast cells. However, recent studies indicate that TLRs are widely expressed in endothelial cells, epithelial cells, fibroblasts, and cancer cells [16] . According to some literature data, the existence of TLRs 1-10 was also reported in the male reproductive tract as human testis, vas deferens, prostate, and epididymis [17, 18] . Furthermore, the distribution of TLRs was shown on sections obtained from the male rat reproductive tract and spermatozoa [19, 20] . RNAs encoding TLR3, TLR4, and TLR5 were also detected in rat and mouse Sertoli cells [21] . Two recent studies showed the expression of TLR2 and TLR4 in human spermatozoa; however, the role and the operating mode of TLRs in human spermatozoa are still not well understood [22, 23] . It seems that these receptors could play a critical role in spermatozoa especially in the presence of a putative NADPH oxidase (NO x ) activity [24] [25] [26] [27] and (iNOS) enzyme in the human spermatozoa [28] responsible of ROS production and oxidative stress genesis. Thus, several questions obviously arise including whether these TLRs may act as those in leukocytes concerning ROS production and whether it has an effect on sperm parameters. In this study, we propose to check the expression of TLR4 in human spermatozoa and to evaluate sperm parameters, acrosome reaction, and oxidative stress markers as malondialdehyde (MDA) and carbonyl groups (CG) in human ejaculates before and after sperm selection in response to TLR4 stimulation by bacterial LPS.
Materials and methods

Patients
This study was approved by the Institutional Review Board (IRB) of Medicine Faculty of Sfax, Tunisia. Semen samples were obtained from 73 male partners of infertile couples attending the Histology-Embryology Laboratory of Medicine Faculty of Sfax, Tunisia, for semen investigations. The studied patients were divided into three groups: normozoospermic fertile patients (n = 13), patients with abnormal and leukospermic semen (n = 13), and patients with abnormal and non-leukospermic semen (n = 47). Fertile patients considered as the control group have fathered in the past, and the medical investigations of the couple confirmed a female infertility factor (ovulatory disorders, tubal obstruction, intrauterine adhesions). Informed written consent was obtained from all patients for being included in the study. The patients were aged between 28 and 57 years with a mean age ± standard error (SE) of 39.5 ± 6.4 years. Men with sperm concentrations <10 × 10 6 ml
and/or presenting confirmed sperm infection were excluded from the study.
Semen analysis
Semen samples were collected into a sterile container by masturbation after 3-5 days of sexual abstinence and allowed to liquefy for 30 min at 37°C. The sperm parameters were evaluated according to the current World Health Organization (WHO) criteria [29] including the semen volume, sperm concentration, motility, vitality, and morphology. Sperm samples were also assessed for leukocyte concentration using a peroxidase method [29] . Semen samples with a sperm count ≥15 × 10 6 ml −1 and total motility Ba + b + c^≥40% were considered normal [29] . Leukocytospermia is defined as the presence of ≥1 × 10 6 leukocytes/ml in semen [29] .
Sperm selection
To eliminate interference with semen cells that express TLR4 including leukocytes, we analyzed the effect of TLR4 stimulation by LPS on selected spermatozoa. Semen samples were proceeded by Sil-Select® (FertiPro NV Belgium) density gradient centrifugation. A two-layer gradient was prepared in a conical 15-ml centrifuge tube using respectively 90 and 45% Sil-Select® solutions. One milliliter of liquefied semen sample was placed carefully at the top of the gradient. The tube was centrifuged at 300×g for 20 min. The supernatant was then removed, and the sperm pellet was suspended in 2 ml of Roswell Park Memorial Institute medium (RPMI 1640; Sigma-Aldrich) supplemented with 10% of fetal bovine serum (FBS; Biowest). After centrifugation at 500×g for 5 min, the final sperm pellet was suspended in 0.4 ml of RPMI medium and we analyzed sperm concentration, motility, and vitality of selected spermatozoa. The remainder of the samples (30 ejaculates) was aliquoted and stored at −80°C for MDA and CG analyses.
Sperm stimulation by the lipopolysaccharide
For each sample, we added 200 ng/ml of LPS (SigmaAldrich) to 200 μl of respectively neat semen and selected semen and we mixed gently the final solutions. The two mixtures were incubated for 18 h at room temperature. After incubation, sperm motility and vitality were assessed.
Western blot analysis
Protein extraction
Sperm protein extraction was performed following a previously described method [30] . Briefly, for each sperm sample, 2 × 10 6 of selected human spermatozoa were twice washed with 500 μl of phosphate-buffered saline (PBS; pH 7.4) and centrifuged at 10,000×g for 10 min. Then, spermatozoa were suspended in 300 μl of lysis buffer [187 mM Tris-Hcl (pH 6, 8), 2% SDS, 1% NP40, 10% glycerol, 1 mM PMSF, protease inhibitor mixture (Sigma-Aldrich), 1 mM EDTA] and sonicated briefly for 3 cycles of 10 s each at 37%. After centrifugation for 5 min at 14,000×g, 25 μl of the supernatant was mixed with 25 μl of 2× loading buffer (Bio-Rad, France) and heatdenatured for 5 min at 100°C.
Protein electrophoresis and revelation
Thirty microliters of sperm extract was loaded in each lane (2 × 10 6 spermatozoa/lane) of an 8-12% SDS-polyacrylamide gradient gel at 100 V using a vertical electrophoresis system (Bio-Rad) and transferred to polyvinylidene fluoride (PVDF) membrane (Bio-Rad). Human leukocytes were used as positive control cells for TLRs, and HeLa cells (immortal cell line derived from cervical cancer cells) obtained from the Cell Culture Laboratory (Biotechnology Institute of Sfax, Tunisia) were used as negative control. The PVDF membrane was saturated at room temperature with phosphate-buffered saline (PBS)-milk (5%) for 30 min. Then, it was incubated with anti-TLR4 antibodies (1/500) (Santa Cruz Biotechnology) overnight in a solution of PBS-Tween (0.1%)-milk (3%). The membrane was washed three times in PBS-Tween (0.5%) for 5 min, and a second antibody (anti-rabbit IgG coupled to peroxidase; 1/1000) (Promega) was added. The final solution was incubated for 2 h at room temperature. Protein revelation was carried out by diaminobenzidine (DAB) (Bio-Rad) substrate (0.05%) in the presence of Tris-buffered saline (TBS) H 2 O 2 (0.1%).
Protein quantification
The protein levels were determined by using the Bio-Rad protein assay based on the Bradford dye procedure [31] , and bovine serum albumin is used as standard.
Measurement of lipid peroxidation: malondialdehyde assay
The MDA level was evaluated in semen samples using thiobarbituric acid-reactive species (TBARS) assay previously described by Buege et al. [32] . Briefly, 10 7 sperm cells were resuspended in 500 μl of distilled water and two volumes of thiobarbituric acid (TBA) reagent (15% trichloroacetic acid and 0.8% thiobarbituric acid in 0.25 HCl) were added. The final mixture was then heated for 15 min at 95°C. After cooling, the mixture was centrifuged at 3000×g for 10 min. The content of MDA was measured spectrophotometrically by the determination of the optical density of the supernatant at 532 nm. The results were expressed as nanomoles of MDA per milliliter. Values were reported to a calibration curve of 1,1,3,3-tetraethoxypropane.
Measurement of protein oxidation: carbonyl group assay
From each semen sample, 1 mg of seminal plasma proteins and 1 × 10 6 spermatozoa (from neat sperm and selected sperm) were used. The method was based on the reaction of the carbonyl group with 2,4-dinitrophenylhydrazine (DNPH) to give the corresponding hydrazone. The latter can be quantified spectrophotometrically at 370 nm. The protocol used here is similar to that described previously by Reznick et al. [33] . The results were expressed as nanomoles of CG per 10 6 spermatozoa in neat and selected sperm and nanomoles of CG per milligram of proteins in seminal plasma.
Evaluation of acrosome reaction
Acrosome reaction was assessed in response to LPS in 15 sperm samples from infertile patients. It was induced using heparin as previously described by Kitiyanant et al. [34] with little modifications. It was assessed in neat sperm and in selected spermatozoa respectively before and after incubation with 200 ng/ml LPS during 18 h.
For each semen sample, two tubes were prepared containing respectively 200 μl of neat sperm and 200 μl of selected spermatozoa. The content of every tube was diluted with 1 ml of PBS and centrifuged at 2000×g for 5 min. The supernatants were discarded, each pellet was resuspended with 200 μl of fresh PBS, and samples were then incubated with 10 μg/ml heparin for 2 h at 37°C. After incubation, the acrosome reaction was analyzed using the triple-stain technique as previously described by Talbot et al. [35] . Respectively, 200 μl of sperm suspensions from neat and selected spermatozoa was diluted with 200 μl of 2% Trypan Blue and incubated for 15 min at 37°C. Smears of 10 μl of each sample were made and air-dried. After 1 min of brief rinsing in water, smears were fixed in 3% glutaraldehyde solution for 45 min at room temperature, rinsed in water, and air-dried. Subsequently, smears were stained in 0.5% Bismark Brown solution for 10 min at 40°C, rinsed in water, and air-dried. Finally, the smears were stained with 0.8% Rose Bengal solution. Washed and dried slides were examined with a light microscope at ×1000 magnification. The percentage of live acrosomereacted spermatozoa was evaluated in at least 200 spermatozoa.
Statistical analyses
A statistical analysis including paired t test was performed to compare differences between unstimulated and stimulated sperms using SPSS 20.0 software. All data were expressed as means ± standard error (SD). The statistical significance was considered for 푃 values <0.05.
Results
Sperm parameter analyses before and after sperm selection
The mean values ± SD of different sperm parameters before and after sperm selection are summarized in Table 1 .
Expression of TLR4 in human sperm
TLR4 was detected by western blots in selected spermatozoa as well as in leukocyte control. After revelation, one band of 69 kDa was shown (Fig. 1) .
Effect of lipopolysaccharide on sperm parameters before and after sperm selection
Sperm motility
In the normozoospermic group, no significant effect of LPS was detected on sperm motility both in neat and selected sperm (Fig. 2) . In non-leukospermic and leukospermic groups and after exposure of selected sperm to LPS, we noted a significant decrease in total motility in comparison with those observed on unstimulated selected sperm (31.38 ± 4.12 vs 26.17 ± 3.51%, P = 0.003, and 45.76 ± 6.81 vs 32.3 ± 6.08%, P = 0.004, respectively) (Fig. 2b) . However, no significant results were shown in neat sperm in the two groups (P > 0.05) (Fig. 2a) . As compared with the non-leukospermic group, the LPS had a more important and significant effect on sperm motility in the leukospermic group (P = 0.006) as evidenced by the differences between unstimulated and stimulated sperm within the two groups. Values are means ± standard deviation (SD). Grade of sperm motility according to WHO criteria [29] : Ba^rapid progressive motility; Bb^slow progressive motility; Bc^non-progressive motility 
Sperm vitality
In the normozoospermic group, no significant effect of LPS was detected on sperm vitality both in neat and selected sperms (Fig. 3) . After stimulation of selected sperm by LPS, a significant decrease of vitality was noted in nonleukospermic and leukospermic groups (43.51 ± 4.65 vs 39.51 ± 4.34%, P = 0.004, and 50.76 ± 8.59 vs 42.92 ± 7.65%, P = 0.01, respectively) (Fig. 3b) . Otherwise, no significant differences in vitality rates were shown in the Fig. 2 Effect of lipopolysaccharide on sperm total motility. Values are means ± SD. a Effect of lipopolysaccharide on sperm motility in neat sperm within the three groups: normozoospermic control group (n = 13), non-leukospermic group (n = 47), and leukospermic group (n = 13). b Effect of lipopolysaccharide on sperm motility in selected sperm within the three groups. **P < 0.01: significant difference between LPS-stimulated sperms and unstimulated sperms Fig. 3 Effect of lipopolysaccharide on sperm vitality. Values are means ± SD. a Effect of lipopolysaccharide on sperm vitality in neat sperm within the three groups: normozoospermic control group (n = 13), non-leukospermic group (n = 47), and leukospermic group (n = 13). b Effect of lipopolysaccharide on sperm vitality in selected sperm within the three groups.* P < 0.05: significant difference between LPS-stimulated sperms and unstimulated sperms.** P < 0.01: significant difference between LPS-stimulated sperms and unstimulated sperms two groups after exposure to LPS in neat sperm (P > 0.05) (Fig. 3a) . Summary statistics results concerning total motility and vitality (in neat and selected sperm) before and after LPS stimulation are given in Table 2 .
Evaluation of oxidative stress markers in the sperm samples in response to the stimulation by lipopolysaccharide
In normozoospermic control samples, the LPS stimulation had no significant effect on MDA and CG levels before and after sperm selection (Figs. 4 and 5) .
Regarding the non-leukospermic samples, we noted a significant increase of MDA mean values in sperm after LPS stimulation compared to those in unstimulated sperms. This effect was observed in both neat sperm (Fig. 4a ) and selected sperm (Fig. 4b) (0.76 ± 0.21 vs 1.09 ± 0.29 nmol MDA/ml, P = 0.01, and 1.03 ± 0.32 vs 1.33 ± 0.38 nmol MDA/ml, P = 0.01, respectively). Moreover, we detected a significant increase of CG levels after LPS stimulation in selected sperm (6.21 ± 1.4 vs 8.63 ± 1.65 nmol CG/10 6 spermatozoa, P = 0.02) (Fig. 5a ) but not in neat sperm and seminal plasma (P < 0.05).
Concerning the leukospermic group, a significant increase in MDA and CG levels was noted only in selected sperm after stimulation with LPS (0.13 ± 0.11 vs 1.32 ± 0.37 nmol MDA/ ml, P = 0.03 and 8.18 ± 4.19 vs 13.94 ± 4.67 nmol MDA/ml, P = 0.04, respectively) (Figs. 4b and 5b ). In addition, the LPS had a more important and significant effect on MDA levels in the leukospermic group than in the non-leukospermic group (P = 0.009).
Summary statistics results concerning oxidative stress markers (in neat and selected sperm) before and after LPS stimulation are shown in Table 3 .
Effect of lipopolysaccharide on acrosome reaction in vitro
The deleterious effect of LPS on sperms from infertile men was confirmed on acrosome reaction by a significant decrease in the rates of reacted spermatozoa after LPS stimulation compared to unstimulated samples (28.8 ± 4.09 vs 31 ± 4.27%, P = 0.03, respectively) always in selected sperm (Fig. 6) .
Discussion
To date, the expression of TLR4 has not been widely studied in human sperm. In the present study, we firstly confirmed the expression of TLR4 in human spermatozoa using the western blot technique. Our results are in consistence with the studies of Fujita et al. [22] and Hagan et al. [23] which revealed the expression of this receptor in the flagella and the acrosome of human and mouse spermatozoa. In our study, sperm protein electrophoresis and revelation showed the presence of one band of 69 kDa on selected human spermatozoa. This molecular weight is lower than that reported in regular TLR4, which is 95 kDa. The 69-kDa band could result from the presence of the variant form of TLR4 protein. Indeed, there are previous reports on the possibility of alternative splicing of TLR4 mRNA, which could result in lower molecular weight [36] . Janardhan et al. [37] showed also the expression of TLR4 protein with two different molecular weights 69 and 87 kDa in lungs from the control and LPS-treated rats.
In a second step, we focused on studying the effects of LPS on sperm parameters including sperm motility and vitality. In the infertile men group (from leukospermic and nonleukospermic patients), we noted a non-significant decrease in neat sperm motility and vitality after exposure to LPS compared to those in the non-exposed samples. In contrast, a significant decrease in the motility and vitality was noted after sperm selection. These deleterious effects induced by LPS on selected spermatozoa have been confirmed in other studies showing that the incubation of sperms from infertile patients with the LPS reduced sperm motility, induced sperm apoptosis, and impaired significantly the sperm fertilization potential [22, 38] . In a recent study, Zhongyuan et al. [39] reported that LPS inhibits human sperm motility by decreasing intracellular cAMP involved in LPS-mediated signaling pathways. On the other hand, the intraperitoneal administration of this endotoxin to rats inhibits steroidogenesis via inflammatory mediators Sperm total motility Neat sperm P = 0.254 P = 0.8 P = 0.7
Selected sperm P = 0.318 P = 0.003 P = 0.004
Sperm vitality
Neat sperm P = 0.121 P = 0.091 P = 0.2 Selected sperm P = 0.168 P = 0.004 P = 0.01
Significant differences (P values): bold characters Fig. 5 Effect of lipopolysaccharide on carbonyl groups levels. Values are means ± SD a Effect of lipopolysaccharide on sperm carbonyl group levels in neat sperm within the three groups: normozoospermic control group, non-leukospermic group, and leukospermic group. b Effect of lipopolysaccharide on sperm carbonyl group levels in selected sperm within the three groups. c Effect of lipopolysaccharide on sperm carbonyl group levels in seminal plasma within the three groups.* P < 0.05: significant difference between LPSstimulated sperms and unstimulated sperms Fig. 4 Effect of lipopolysaccharide on sperm malondialdehyde levels. Values are means ± SD. a Effect of lipopolysaccharide on sperm malondialdehyde levels in neat sperm within the three groups: normozoospermic control group, non-leukospermic group, and leukospermic group. b Effect of lipopolysaccharide on sperm malondialdehyde levels in selected sperm within the three groups.*P < 0.05: significant difference between LPSstimulated sperms and unstimulated sperms such as cytokines and ROS [40] . Furthermore, our results showed that LPS had in the leukospermic group a more important effect on sperm parameters and oxidative stress markers significantly shown in total motility and MDA rates in comparison with the non-leukospermic group. In corroboration with our data, Hagan et al. [23] mentioned that TLR4 expression in spermatozoa and some pro-inflammatory cytokines which have been associated with male infertility were upregulated in sperm samples from leukospermic patients as compared with sperms from non-leukospermic patients. Therefore, the upregulation of TLR4 expression can be associated with the accentuated effect of LPS detected in the leukospermic group. The difference between results found before and after sperm selection can be explained by the high enzymatic and nonenzymatic antioxidant contents of seminal plasma that would probably mask oxidative stress in neat sperm. In fact, it has been reported that glutathione, ascorbate, and α-tocopherol, in association with other antioxidant enzymes, constitute a protective antioxidant system in the semen and preserve the functional competence of spermatozoa exposed to an oxidative attack [41] . Subtracting these different molecules after sperm selection would have accentuated the oxidative stress effect of LPS on spermatozoa.
To verify this hypothesis, we were interested in a third step of our study to analyze markers of oxidative stress in sperm including lipid peroxidation and oxidative modification of proteins. Thus, we realized MDA and CG assays after sperm exposure to the bacterial LPS. Our results showed that LPS addition induces a significant increase in the MDA levels both in neat and selected sperm. Thereby, this TLR4 ligand appears to play an important role in the activation of some pathways responsible for ROS production leading to the increase of oxidative damage in sperm membrane lipids. The increase in sperm MDA levels is favored by the high polyunsaturated fatty acid content of spermatozoa membrane making them a preferred target of the radical attack [42] . Endotoxin-induced ROS may also result in oxidative DNA damage that could affect sperm quality and increase the risk of genetic effects [43] . Moreover, protein oxidation observed in selected spermatozoa corroborates the hypothesis of ROS production by spermatozoa, which would be responsible for spermatozoa alterations. The presence of high but not significant rates of CG in native sperm and seminal plasma correlates with studies of sperm parameters and confirms the crucial role of seminal plasma in the antioxidant defense against the deleterious effects of ROS.
The deleterious effects of LPS on sperm parameters and oxidative damages detected in sperms from infertile patients but not in the normozoospermic fertile group noted in the current study can be associated with the poor sperm quality Neat sperm P = 0.2 P = 0.01 P = 0.3
Selected sperm P = 0.2 P = 0.01 P = 0.03
Carbonyl groups (CG)
Neat sperm P = 0.6 P = 0.18 P = 0.7 Selected sperm P = 0.88 P = 0.02 P = 0.04
Seminal plasma P = 0.37 P = 0.19 P = 0.1
Significant differences (P values): bold characters Fig. 6 Effect of lipopolysaccharide on sperm acrosome reaction. Values are means ± SD. The effect of lipopolysaccharide on sperm acrosome reaction was assessed in neat and selected sperms from infertile patients (n = 15).*P < 0.05: significant difference between LPSstimulated sperms and unstimulated sperms of infertile patients which made it more vulnerable than sperms from fertile men since it was already under stress and damaged. In fact, it has been reported that TLRs can also be activated by endogenous Bdanger signals^called dangerassociated molecular patterns (DAMPs), which are released from injured or stressed cells under situations of sterile inflammation [44] . Herein our findings are in discordance with a previous data claiming that sperm motility was decreased in the LPS-treated sperm samples from normozoospermic men and ROS level was significantly higher in the LPS-treated group than in the control group but using doses and kinetic different from ours [45] . Altogether, our data suggests that TLR4 activation by LPS affects negatively sperm quality implicating ROS production especially in sperms from infertile patients. Hence, various sources of ROS production in this study are possible. Firstly, we can mention leukocytes expressing TLR4. Indeed, the lipopolysaccharide can activate the transcription of the iNOS gene in macrophage allowing the production of (NO·) [46, 47] . In addition, activation of macrophage TLR4 can activate the mitochondrial production of ROS and this is via the tumor necrosis receptor-associated factor 6 (TRAF6) protein [48] . Some literature studies have also shown that LPS recognized by TLR4 in monocytes/macrophages plays a role in the production of ROS via activation of the enzyme NADPH oxidase complex [11, 12, 48] . The second source of ROS can be spermatozoa themselves which can also play a role in the production of ROS and that is confirmed by the oxidative damage observed in selected spermatozoa. Indeed, we have demonstrated the presence of oxidative stress damages in human selected spermatozoa in response to stimulation by LPS suggesting ROS production by itself. This production may be effected via the NADPH oxidase enzyme expressed on spermatozoa as the presence of NADPH oxidase in spermatozoa membrane has been reported in many studies [24, 26] , but its function is still unknown. Mitochondrial production of ROS via activation of the protein evolutionarily conserved signaling intermediate in Toll pathways (ECSIT) by TLR remains as a very possible hypothesis [49] .
The deleterious effect of LPS in sperms from infertile men was also confirmed on acrosome reaction. Our results showed a significant decrease of acrosome-reacted spermatozoa in LPS-treated sperm after spermatozoa selection but not in neat sperm. In contrast, Zhongyuan et al. [39] reported that LPS has no effect on the intracellular [Ca 2+ ]-dependent functions, such as sperm capacitation and acrosome reaction. Capacitation and acrosome reaction involve sperm membrane changes and require perfect membrane integrity. These physiological phenomena are also considered as part of an oxidative process involving superoxide, hydrogen peroxide, and nitric oxide (NO·) [50, 51] . Besides, improving sperm motility at low concentrations, NO· is also known to enhance capacitation and acrosome reaction in mouse and human spermatozoa [52] . However, higher concentrations of L-arginine, a substrate of nitric oxide synthase (NOS) producing NO·, can have adverse effects on motility and fertility of human spermatozoa [53] . Thus, the fact that LPS has a negative effect on acrosome reaction in selected human spermatozoa suggests a higher amount of ROS generated relevant to the action of LPS via TLR4.
On the other hand, increasing data have shown that TLR4 can play an important role in contributing to acute inflammatory processes and organ dysfunction in settings related to critical illness, including sepsis, trauma, hyperoxia, and ischemia reperfusion injury. The results from our study are novel and provide important new insights into signaling pathways involved in the activation of spermatozoa TLRs implicating oxidative stress generation. It is definitely interesting that there is a mechanism related to genital infection and/or inflammation that induces TLR4 sperm activation. This signaling pathway could be responsible for reduction of motility, vitality, acrosome reaction, fertilization potential, and increased ROS production. Nonetheless, fundamental questions remain to be addressed not only in order to explore the pathophysiologic mechanisms that contribute to spermatozoa dysfunction and outcome in critical male infertility but also to search direct therapeutic approaches to ameliorate such TLR4-mediated responses that may potentially be of clinical benefit in critically infertile patients.
In conclusion, our study has made an attempt to explore the effect of LPS on human sperm. Spermatozoa respond to the bacterial endotoxin LPS by affecting negatively the motility, the vitality, and the acrosome reaction notably in sperms from infertile patients. Our study provides additional data on the alteration of these sperm parameters involving oxidative damage, and this could explain some male infertility factors associated with genital infections. Thus, to enhance sperm quality, it seems that TLR4 could serve as target for further development therapeutics using TLR antagonists. Our findings encourage continuing and deepening the study of signaling pathways involved in the activation of spermatozoa TLRs, especially those responsible for oxidative stress generation.
